Introduction
The fabrication of microlens arrays is exploited more and more nowadays as it is a fundamental component for a wide range of different applications such as optical sensors, biomedical applications, data storage, optical communications, lighting displays, beam homogenizer for color LED system, etc [1] [2] [3] [4] [5] [6] [7] [8] . Various techniques for fabricating microlens arrays using direct and/or replication processes have been studied, investigated, demonstrated, and commercially used. Among them are photoresist reflow [9] , laser ablation [10, 11] , etched glass mold [12] , grayscale lithography [13, 14] . However, most of these methods are either too expensive for mass production or not easily accessible because of the complexity and high cost of the equipment and the processes. Polymer replication processes such as injection molding [15] , hot embossing [16] [17] [18] , and UV molding [19] provides inexpensive mass production solutions to produce precise micro-structured arrays. Lee et. al [15] investigated the injection molding processing condition effects on the replicability of microlens array profile. It was indicated that a packing pressure and a flow rate significantly affects the final surface profile of the injection molded product. There are inherent problems using electroplated nickel molds in hot embossing as the pressure distribution between the mold and plastic substrate is not uniform, limiting the embossing area. In UV-molding, shrinkage of the UV-curable material, is limiting the replication quality of UV-molded parts. Zhao et. al [20] proposed a simple two-step process for protrusive lens arrays. The lenslet diameter and height are highly sensitive to applied load to the indents/protrusions and hence, the process is not suitable for the larger sized lenses (i.e., in millimeter and above scale). The surface patterning methods are investigated by the researchers to fabricate 2-D and 3-D patterns utilizing the thermo-and chemo-responsive shape memory effect (SME) in polymeric materials [21] . However, SME is limited for a certain level of shape recovery [22] .
Direct fabrication of lens arrays by diamond turning in polymer materials have been demonstrated [23-28] to achieve the high optical surface quality. Although the direct diamond turning process is a one step process, due to process difficulty and expensive tooling, the fabrication process cost could be in the order of USD 100 -1000 /mm 2 . Presently, inkjet printing [29] and electrostatic-induced lithography [30] have been explored for direct fabrication of polymer-based shape controlled lenses. The large dead space between lenslets could be an issue in reducing the optical efficiency considerably. This has been observed in fabricating the microlens arrays considered in this paper through 3D optical printing process making the microlens arrays unsuitable for the application.
Since such direct writing processes are not suitable, we explore a way of improving the surface quality of a CNC machined mold. For any replication technique, the surface quality of the mold considerably affects the quality of the final microstructures and the applicability for optical components. The CNC machining is easy and cheap, but the surface quality is not good enough for optical components. In many cases the CNC machined mold is polished manually, which is tedious, expensive and not applicable for large microlens arrays.
The use of spray-coated hydrogen silsesquioxane coatings to reduce surface roughness was introduced recently [31]. This process requires heating the mold part up to 400 °C in an inert gas atmosphere. Such a high temperature may be challenging to steel types as some of the steel impurities may segregate and cause embrittlement of the steel.
In this paper we describe a novel process, for tool fabrication utilized for injection molding of microlens structures. The process exploits standard CNC milling to make a first rough mold in steel. We introduce a surface treatment by spray coating with photoresist to obtain an optical surface quality required for microlens arrays. The process overcomes the expensive tedious manual polishing or direct diamond turning and provides an easy and inexpensive mold and hence cheap injection molding replication process. The coating process only requires a heat treatment of the mold part up to 175 °C. The fabrication process is demonstrated for production of an ø50 mm double-sided microlens arrays designed for a color mixing LED light engine. The microlens array is designed and optimized in lenslet parameters for large angular acceptance angle and the molding tool is produced from these. Microlens arrays are then injection molded in Polymethyl Methacrylate (PMMA) from both the uncoated rough mold and the photoresist coated mold. The injection molded microlens arrays are characterized through surface measurement by 3D microscopy. The working performance is observed by angular dependent transmission and investigation of light scattering. The implementation of the replicated double sided microlens array in the color mixing LED light engine is described.
Method
This section describes the functionality and design aspects of the microlens arrays. The CNC machining of the mold and subsequent procedure for photoresist coating is described. Injection molding of microlens arrays from both the uncoated and coated mold are produced and characterization for surface quality, light scattering and acceptance angle is described.
Design of microlens array
We use a double-sided hexagonal patterned convex microlens array, to perform color mixing in a multi-color focusable LED light engine [6, 8] . The purpose of the microlens array, called a Kohler integrator [32] ], is to combine a large number of quasi-collimated beams from the individual colored LEDs arriving at the microlens array at different angles into a homogenous color mixed beam. Figure 1 illustrates the basic functionality of the microlens array by looking at the ray paths by optical simulation, using Radiant Zemax software, for three collimated beams incident on a single lenslet demonstrated by three different colored beams and the microlens array is simulated here with five lenslets. Figure 1 (a) shows the color mixing mechanism for collimated beams at incident angles of 0°, Θ 1° and -Θ 1°, respectively. The three color beams are all focused on the second surface of the same lenslet. The displacements in position of the focal points in the focal plane are dependent on the incidence angles. The maximum incident angle Θ is governed by numerical aperture (NA) of the lenslet through Eq. (1) and is expressed by Eq. (2) . From the second surface the three color beams exit the lenslet in the same direction with the same external divergence angle 2Θ.
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Here D is the width, and f is the focal length of the lenslet and n is the refractive index of the lens material, as indicated in Fig. 1(a) . Here r is the radius of curvature and t is the separation distance between two opposite lenslet as seen in Fig. 1(a) , respectively. t needs to be equal to f, so that a collimated beam is focused on the second surface of the lenslet. It is seen that a large divergence angle Θ requires a large numerical aperture, e.g. large n and D compared to f. In the normal operational situation, the incident collimated beams are larger in diameter and hence illuminate a large number of lenslets, and the beams are split into a corresponding number of 'emitters' from each lenslet. Hence the different colored beams incident at different angles on the microlens array, are spatially split into a multitude of emitters with equal divergence and direction, and results in a uniform color mixing of the incoming beams. collimated beam coming from below (red rays). It is seen that if the incident angle exceeds the critical angle at the interface of the second lens surface, the beam is totally internally reflected, where a part of the beam is retuned in the backward direction. In that scenario ideally there will be no transmittance from the second surface of the microlens array. Thus this angle can be called the cutoff angle, Θ = Θ c , or equivalently the acceptance angle of the microlens array as within that angle the microlens array allows beams to be transmitted from the second surface of the lenslet [32]]. Figure 1(b) illustrates the case where a collimated beam is incident at an angle larger than the acceptance angle, Θ 2 > Θ c (blue rays). In this case the rays are transmitted in the forward direction from the neighboring lenslet, but at large angles larger than the divergence angle, Θ = Θ c . Therefore those rays do not contribute to the effective color mixing within the divergence angle, Θ c . According to the above, the transmission of the microlens array would therefore be high for angles lower than Θ c and close to zero at this angle, and then increase again at larger angles. Figure 1 only illustrates the principle, so in order to get a better idea about the efficiency of the system, we have made a simulation of the transmission through the microlens array using a collimated large beam and varying the incidence angle from 0 to 50°. In order to investigate the output efficiency as a function of exit angle the simulation is done for a detector that measures the light transmitted within an exit cone of varying angle. Figure  2 shows the transmission efficiency of the microlens array for the varying incident angles and for varying exit cone half angles. It can be seen that for incidence angles from 0 to 30°, more than 90% of the light is transmitted when the exit cone half angle is larger than 40°. This corresponds to the case in Fig. 1(a) where the beams are incident at angles lower than the acceptance angle and where the exit cone covers the acceptance angle. For incidence angles around 40° almost no light is transmitted within the exit cone of 40°. This corresponds to the case where the incidence angle is close to the acceptance angle as illustrated in Fig. 1(b) by the red rays. The top part of the graph in Fig. 2 corresponds to a large exit cone angle of around 80° e.g. collecting all the transmitted light. Here efficiency higher than 40% is observed for incidence angles around 45°, corresponding to the case in Fig. 1 (b) (blue rays), however, this transmitted light does not contribute to the mixed light within the divergence angle. To achieve high optical efficiency of the light output from the light engine, the acceptance angle of the microlens array needs to be optimized. Therefore the microlens array for the LED light engine [6] has been designed to have a large acceptance angle. It is seen from Eq. (2) that a large divergence angle Θ requires a large numerical aperture NA, e.g. large n and D compared to f. However, the overall transmittance decreases linearly with the increase of n of the material due to Fresnel loss, i.e. reflections at surface air interfaces. Thus there would be a tradeoff between transmittance and acceptance angle. For injection molding the choices of materials most widely used are Poly Carbonate (PC) or PMMA. Although the higher n of PC yields a larger acceptance angle than using PMMA, the transmittance is lower. A simulation of the transmittance of the microlens array for the two different materials have been performed using an incident cone of light integrating over all angles within the cone angle and a large exit cone angle. Figure 3 shows this simulated transmittance as a function of the incident cone angle for PC and PMMA respectively. It shows that the transmittance of the PMMA microlens array is higher than the one using PC for all incidence cone angles. The transmission through PMMA microlens is ~3% higher than for PC at almost perpendicular incidence. PMMA also has ~5% larger efficiency at high incident cone angle of 50°. In our application we prioritize the transmittance and chose PMMA as the material for the microlens fabrication. In order to enhance the optical efficiency in our LED system, the high NA value is also required. The lenslets are spherical with a radius of curvature, r, and the diameter D of the single lenslet varies with the sag [33] . A thorough study was done on different lenslet parameters targeting the enhancement of the acceptance angle and finally the design was optimized by simulation. Table 1 lists the designed lens parameters used for the microlens array fabrication after optimizing the parameters. 
Fabrication process
In this section the fabrication of the double sided microlens array is described, from the CNC fabrication of mold, the coating procedure with photoresist and the injection molding. The CNC machine was loaded by the computer generated drawing file, made by SolidWorks software, which holds the design optimized lens parameters information [Table 1 ] about the microlens array. After that the CNC machine inscribes the loaded microlens array structures on a steel block as shown in Fig. 4 , by using a standard spherical milling tool with a radius of 0.85mm. Similar kind of block needs to make which has been held on top of the bottom block. The alignment of the two blocks requires precision so that the positions of the microlens structures in both blocks can overlap to each other. As shown in the figure, there is an inlet for injection molding at the edge of the microlens structure. The accuracy of the CNC machine is +/50 µm. Fig. 4 . One side of mold tool for ø65mm microlens array in a steel block.
The surface roughness of the steel mold can be reduced by photoresist coating. Spin coating is not possible for this application and in order to overcome this problem we have used MicroSpray TM photoresist [34] . Microspray is a positive acting, aerosol novolak resist and suits our application. It is cost effective, easy to use and spray eliminated the irregularities and peakvalley variations on the surface of the mold according to our requirements. For best use we placed the Microspray at room temperature (~20 °C) for an hour prior to use. Before applying, the Microspray needs to be shaken strongly for 10 times and needs to wait for 5 minutes to remove any air bubbles. Before coating, the steel mold needs to be cleaned by metal cleaner. After applying the coating, the mold requires to be soft and hard baked. The thermal crosslinking achieved through the hard baking makes the photoresist robust during the injection molding. The block diagram in Fig. 5 shows the entire coating process. The coating thickness was inspected through Dektak measurements on a separate sample, to be from 10 to 14 m, where the standard deviation of the thickness is ~2.6%. The polymer PMMA is the best candidate to use as the material for the microlens array for our application as explained above. It has also the advantages of the material properties especially the versatile polymeric material is well suited for imaging / non-imaging application.
The mold was installed in a standard injection molding machine, in which the second steel block was aligned by dowel pins with 50 micron accuracy and placed on the top of the first block, and PMMA was injected through the center hole of the top block. PMMA was then channelized through the inlet [ Fig. 4 ]. Afterwards a heavy pressure of 2500 bar was applied to the polymer melt. The process cycle of the microlens array is ~20 sec. Melting temperature of PMMA was 210 °C and the mold temperature was 70 °C. Injection molded microlens arrays were produced in the first iteration using the uncoated rough mold. After photoresist coating of both steel molds (top and bottom one) a second iteration of injection molding of microlens arrays was performed. The injection molding was performed by the Danish company JJ Kühn. About 100 microlens arrays were produced without any sign of wear off the photoresist, and without any measurable differences between the item 1 and 100.
Characterization of the microlens array
After fabrication of the microlens array we have characterized the surface quality looking at pre and after coating process result. We have measured lens parameters of the fabricated lenslets by analyzing the arrays under 3D confocal and interferometric microscopy (Sensofar Plu-neox). The analytical results for surface quality and the quantitative measurement on lens parameters are shown in the Result and discussion section.
The optical performance with regard to the application was investigated by measuring the angular dependence of the transmission and investigating the light scattering effect. Figure 6 illustrates the setup for simulating the transmitted light as a function of incident cone and different exit cones. It also describes the transmission measurement, where a collimated white light beam with a beam diameter of 10 mm from a fiber coupled source (Ocean Optics HL 2000) was used. The incidence angle was varied over the interval ± 45°. The transmitted light was measured as a function of incidence angle using a 6 inch integrating sphere as collection optics. The microlens array was mounted at the 1 inch diameter port opening and the exit cone half angle is nearly 90°, which corresponds to the top part of the simulation results shown in Fig. 2 . The results from the measurement are shown in below. The transmitted light was measured using a spectrometer (QE 65000) fiber coupled to the sphere. Further the light scattering from the surface of the microlens array is investigated by looking at the reflected laser light of a single lenslet. Fig. 6 . Sketch illustrating the simulation and experimental set-up for measuring angular transmission and acceptance angle of the microlens array.
Results and discussion
In this section the properties of the injection molded samples from the uncoated and coated mold tool is compared. The confocal microscopy measurement was done using the objective of Nikon 50x with NA 0.95. The 3D images have been taken for 5 consecutive lenslets by the method of stitching 3x3 images with the condition of 25% overlap. From each of the two microlens arrays 5 individual lenses have been analyzed. The diameter of the lens array including the outer ring is 85 mm as shown in Fig. 7(a) . The position of the central lens was 39 mm from the edge of the perimeter of the outer ring and the five consecutive lenslets were taken for the measurements from that region. The diameter of the hexagonal lenses is measured as edge to edge distance which is measured by Fourier transform of the image (20x microscope images) to identify a unit cell or lenslet. Thus the whole image is used for the measurement [seen in Fig. 7(b) ]. The total height of the lens is measured from the stitched image (1x8 50x) as seen in Fig. 7(c) where the center and the edge of the single lenslet is visible. The vertical distance from the edge to the center of the lenslet gives the height. The radius of curvature is measured for each lens by fitting a sphere to the 3D surface. The aberration from this sphere is also investigated as a 3D image. The roughness of the surface is also measured after suitable waviness filtration. Table 2 summarizes the measured results for the lens parameters. The standard deviation between all measurements for radius of curvature is 35µm. Thus it shows the repeatability and reproducibility of the fabrication process within ± 50 µm accuracy. The values corresponding to uncoated and coated are equal within the uncertainties and shows that the coating process does not affect the lenslet parameters. We have investigated the surface quality of the lenslet through surface topography measurements. Figure 8 compares the images of the top surfaces of lenslet from the uncoated (left) and coated (right) mold, respectively, after fitting with sphere of radius 846.1 µm. The surface roughness is calculated by measuring R a , R q and R z [35] which are shown in Table 3 . There is some cast defect also at the edge of the perimeter of the array. However, those defects did not influence the light path. It is observed that the photoresist coating of the mold improves the surface roughness of the injection molded microlens arrays, in reducing the R a , R q and R z by factors of 2, 2.5 and 2.6 respectively. It is seen from the cross-sections [ Fig. 8 (c) and 8(d) ] that the maximum variation is reduced from 1.2 µm to 0.2 µm for these specific scans. The working performance of the injection molded microlens array from the coated mold has been investigated through measurement of the angular transmission, Fig. 9 shows the measured transmission as a function of incidence angle and the corresponding simulation is shown as well. This is used to determine the acceptance angle of the microlens array Fig. 9 shows the corresponding results for another microlens array with D = 1.2 mm used in the first prototype of the LED light engine. The acceptance angle for this is 37°. For the optimized design of the microlens array produced in this work, the NA has been increased by increasing the width D to a value of 1.45 mm. The measurement for this in Fig. 9 , shows a maximum transmission of ~92% which is almost constant within ± 40°, hence an acceptance angle of 40°. The refractive index of PMMA is 1.489. Thus the Fresnel reflection loss per interface for 2.1 mm microlens array is ~3.9% and thus transmission from the array was ~92%. Again the calculated acceptance angle according to Eq. (2) is ~41°. Hence, there is good correspondence between simulation and measurements on the produced microlens array. Due to machine accuracy in lens parameters; there is a discrepancy of ~2° in acceptance angle between the simulation and the experiment. The increasing measured and simulated efficiency at angle larger than ± 40° corresponds to the coupling of light through the neighbor lenslets, illustrated in Fig. 1(b) . Fig. 9 . Comparison of microlens array by both simulation (Sim.) and experiment (Exp.) respectively. Figure 10 shows the results of the visual and light scattering investigation of the surface quality. The investigation is on a single lenslet, where the images to the left shows photos of the top surface taken by optical microscope and the images on the right are photos of the reflected light when a lenslet is illuminated by a He-Ne laser beam. The images in Fig. 10(a) are for the injection molded microlens array from the uncoated mold. Irregularities are seen on the microscope image and the reflected He-Ne laser beam is strongly distorted and scattered. This surface quality is not good enough for the microlens application. The microlens array produced from the photoresist coated mold, has a much improved surface quality as seen in Fig. 10(b) , there are much fewer irregularities in the microscope image and the reflected He-Ne laser beam is nearly undistorted and less scattered light has been observed. This surface quality is applicable for the LED light engine application and a 5% increase of the efficiency of this was observed when using the microlens array form the coated mold compared to the one from the uncoated mold. 
Conclusion
A novel tool fabricating process is reported which allows cheap and fast machining of molding tools for injection molding. The process is based on simple CNC machining of a steel block as a rough tool and subsequent spray coating of the tool with photoresist. This achieves the desired optical surface quality required for the microstructures fabrication. The process is demonstrated by making a double sided hexagonal patterned microlens array for the application of beam homogenization in the LED light engine. Injection molded samples were produced in PMMA from both the uncoated and coated mold tool. Experimental investigations of the lenslet parameters and surface roughness were carried out using 3D confocal and interferometric microscopy. The lenslet parameters corresponding to uncoated and coated are found to be equal within the measurement uncertainties and shows that the coating process does not affect the lenslet parameters. The surface roughness was investigated by measuring the quantities of R a , R q and R z for the both uncoated and coated microlens array. The coating with photoresist of the mold improves the surface roughness of the injection molded microlens array reducing R a , R q and R z by factor of 2, 2.5 and 2.6 respectively. The improvement of surface roughness was also evident by investigating the light scattering effect from the top surface of the lenslet. Initially, the lenslet width was optimized in order to maximize the acceptance angle which enhances the optical efficiency of the LED light engine.
The acceptance angle of the injection molded microlens array from the coated mold was measured to be ~40° in accordance with the simulations.
